The interplay between liquid crystallinity and microphase separation in comblike liquid-crystalline diblock copolymers is examined via a Brazovskii-type phenomenological model using both analytical and numerical calculations. For symmetric diblock copolymers we determine a critical electric field that is required to tilt the orientation of the constituent liquid crystals of the polymer side chains in the microphase-separated lamellar state. Such electrically induced reorientation of the liquid-crystal molecules can lead to substantially large changes of lamellar periodicity. Our numerical results show that highly aligned polymer lamellar domains can self-assemble when the liquid-crystal ordering precedes microphase separation, and that weak electric fields can be used to direct the self-assembly process due to the dielectric anisotropy of the liquid-crystal side chains. We also find that phase separation of asymmetric diblock copolymers can coexist with a network of liquid-crystal nematic orientations, with domain morphology depending on the details of copolymer and liquid-crystal coupling.
I. INTRODUCTION
Liquid-crystalline diblock copolymers (LC BCPs) form an increasingly important class of self-assembling macromolecules [1] [2] [3] and are of fundamental importance for emerging technological applications such as flexible organic semiconductors [4] , biomaterial engineering [5] , and photonic crystal displays [6] . The liquid-crystalline behavior is incorporated into block copolymers (BCPs) usually via two ways. Rodlike homopolymers can be used as one of the building blocks to form a rod-coil LC BCP. Small liquid-crystal (LC) molecules can be linked as side chains or as part of the polymeric backbone to form a side-chain LC BCP or a main-chain LC BCP, respectively. The interplay between liquid crystallinity and microphase separation in LC BCPs leads to rich behavior of macromolecular self-assembly.
Recent experimental and theoretical studies of LC BCPs have identified some novel microseparated phases that are completely different from those observed in regular BCPs. Rod-coil BCPs have been found to assemble into arrowheads, wavy and broken lamellar, zigzag, and plucked phases [7] [8] [9] . In side-chain LC BCPs the length of the LC segments is on the order of ∼ 1 nm and the gyration radius of the polymeric backbone is on the order of ∼ 10 nm. The LC segments can order inside the polymer domains, leading to lamellar-within-lamellar and columnar-hexagonal-in-lamellar phases [10] [11] [12] . The coupling between liquid crystallinity and copolymer microphase separation can be utilized for the control and manipulation of self-assembly procedure leading to highly aligned domains [13] [14] [15] , a process desired in many block copolymer technological applications. The amount of the liquid-crystal content can also be used to control the morphology and size of the BCP domains [16, 17] .
The dynamic behavior of LC BCPs is much less studied and understood as compared to their equilibrium properties [2, 3] . A Brazovskii-type free energy functional [18] has been applied to address mechanical properties of comblike LC BCPs (see Fig. 1 ), as will also be adopted in this study.
In addition to self-consistent field theory and Monte Carlo or molecular dynamics simulations, Landau-Brazovskii-type phenomenological models have been extensively used to describe molecular self-assembly in regular BCPs [19] [20] [21] [22] [23] [24] .
Predictions from these models have been found consistent with experimental observations, especially in the weak segregation limit [20] . Computer simulations based on the LandauBrazovskii approach are less computational intensive compared to other simulation techniques [25, 26] . Being simpler and much faster, this approach often serves as a quick link to experimental results [21, 27] .
In this work we utilize the Brazovskii-type model for LC BCPs to examine the coupling between liquid-crystal and copolymer phases, particularly its effects on the alignment and morphology of the polymeric domains. In comblike LC BCPs, the side-chain LCs usually adopt a preferred orientation at the domain interface of the phase-separated system [1, 28] . In the lamellar polymeric state, this interfacial anchoring behavior favors a uniform nematic direction relative to the lamellar normal. Such LC ordering can direct microphase separation, leading to well-aligned domains of a lamellar pattern in symmetric diblock copolymers, and various domain morphologies in asymmetric LC BCPs. Our simulations also demonstrate that the lamellar ordering and alignment process can be accelerated via applying a modest electric field, due to the dielectric anisotropy of the side-chain LC molecules. In addition, our analytic calculations identify another important effect of electric field and liquid crystallinity: i.e., tilting the LC molecules via an electric field can lead to substantial changes of the lamellar periodicity.
The rest of the article is organized as follows: In Sec. II we introduce our phenomenological model. In Sec. III we present analytical results that predict the magnitude of electric fields that can switch the direction of LC molecules within the bulk of a phase separated system. In Sec. IV we present numerical results showing domain evolution after a thermal quench. Last, in Sec. V we conclude by summarizing our results and suggesting possible problems that can be tackled by the model.
II. FREE ENERGY FUNCTIONAL
The description of comblike LC BCPs combines two well-established fields: microphase separation in BCPs [20] and liquid-crystal ordering [29, 30] . The Landau-Brazovskii free energy functional for block copolymer ordering consists of a single order parameter φ( r,t) that defines the level of microphase separation [31] . On the other hand the Landau-de Gennes free energy functional for liquid-crystal ordering consists of at least two order parameters: a tensorial order parameter Q( r,t) that defines the orientational ordering of the mesogens and a complex order parameter ρ( r,t) that describes their spatial distribution.
The tensorial order parameter for a uniaxial nematic system is defined by [29] 
where d is the spatial dimensionality, S is the magnitude of the order parameter,n i is the ith component ofn, and δ ij is the Kronecker delta function. By definition, the tensor Q ij is symmetric and traceless. Its eigenvectorn( r,t) describes the local average orientation of the LC molecules at a given position r at time t and |n( r,t)| = 1, with orientation invariancê n( r,t) → −n( r,t). The eigenvalue S( r,t) describes the extent of fluctuations aboutn( r,t). For a uniform alignment, S = 1. In a region with completely random fluctuations, where there is no preferred orientation, S = 0 (i.e., isotropic phase). For a system with a slow spatial variation of the nematic director field S(r) const. Depending on the architecture of the LC BCP chain, the attached LCs may exhibit a smectic ordering where they organize themselves in layers. This mesophase is characterized by a complex order parameter [32, 33] 
where modulus ρ 0 defines the amplitude of the onedimensional ordering of the center-of-mass of the molecules with a phase ω. The smectic spacing is given by d 0 = 2π/q s with q s = | ∇ω|.
In this work we consider a melt of nematic LC BCP chains where the mesogens are attached with flexible spaces of random lengths (as in Fig. 1 ). In the nematic state the attached nematogens are homogeneous in space and therefore are characterized by a single order parameter Q, since ρ = 0. The Landau-de Gennes free energy functional for this system is then given as [29, 34, 35] 
where the summation over repeated subscripts is implied. Here T is temperature, k B is the Boltzmann constant, e 2 ∼ (1 − T NI /T ) where T NI is the critical temperature for a hypothetical second-order transition to the nematic state, e 3 and e 4 are material dependent parameters that are assumed to be constant near the transition point, and L 0 is the elastic constant for the nematic phase. In practice, a nematic material has three independent elastic constants; hence this approximation depends on the material details and is usually valid for systems composed of small-aspect-ratio nematogens [29] . Substituting Eq. (1) into Eq. (3), the Landau-de Gennes free energy functional can be rewritten in terms of two fields S( r,t) andn( r,t). In three dimensions this gives [34] 
where K = 4L 0 S 2 is the Frank-Oseen elastic constant and we have neglected coupling terms including spatial derivatives in both S andn. For a system where the strength of nematic order is spatially homogeneous Eq. (4) reduces to
In the following we examine this limit to study problems that are associated with the coupling of the nematic director orientation to the polymer domain interfaces in an inhomogeneous state. Microphase separation in BCP melts is usually characterized by an order parameter φ i ( r) = c i ( r) − f i , which represents the deviation of the local volume fraction c i ( r) of ith-type monomers at a position r from its global average c i ( r) = f i . In A/B diblock copolymers where there are two different monomer species, the condition of incompressibility requires that c A ( r) + c B ( r) = 1. Thus, this system can be described by a single order parameter φ A ( r) = c A ( r) − f A , as used in the seminal work of Leibler [31] for the Landau-Brazovskii free energy functional expansion of BCPs. Here we utilize the local concentration difference
, to characterize microphase separation. Note that the spatial average φ( r) = 1 − 2f A , and φ( r) = 0 represents a symmetric BCP melt with equal concentration between the two monomers.
In a nematic LC BCP melt, the nematic director of the sidechain LCs is naturally coupled to the gradients of the polymer concentration field. We thus modified the Landau-Brazovskii free energy functional for regular BCPs [19] [20] [21] [22] [23] to include the coupling terms between ∇φ andn. The modified free energy functional for nematic LC BCPs is then given by
where
and the gradient operators are defined as (n · ∇)
, where the subscripts refer to components in a Cartesian coordinate system and ij k is the Levi-Civita symbol.
For parameters given in Eq. (6), those for regular symmetric BCP melts are known as [36] 
where N is the polymerization index and χ ∼ 1/T is the Flory-Huggins interaction parameter. Assuming the monomer size is b, the radius for a Gaussian chain is R 2 g ∼ = 1/6Nb 2 , and the chain density in the incompressible melt is ρ m = 1/(Nb 3 ). The dimensionless ratios w/ρ m and parameter c are of order unity, and in this work we adopt the approximation of w/ρ m = 1 and c = 1 [21, 36] . Note that for nematic LC BCPs, τ and w are also dependent on the strength of the nematic order S. The contribution of S on the value of τ is essential in understanding the effects of nematic order on the transition point of microphase separation. Such studies are available in the literature for the case of liquid-crystal/polymer mixtures [37] and rod-coil block copolymers [38] [39] [40] .
The rest of the parameters in Eq. (6), i.e., α, a 1 , and a 2 , determine the coupling strength betweenn and the gradients of φ( r) and reflect the amount of the LC content. The positive dimensionless parameters a 1 and a 2 define the anisotropy of the chain conformation as a result of isotropicto-nematic transition. The stretching of polymer chains in a nematic environment has been observed experimentally for nematic liquid-crystalline polymers [41] . The stretched chain is experimentally characterized by a molecular anisotropy aspect ratio κ, and its relation to a 1 and a 2 will be shown below. Note that the coupling due to a 1 and a 2 does not fix the relative orientation between the nematic directorn and ∇φ, but changes the molecular length scales of the polymers [42] . The parameter α breaks this internal rotational symmetry and describes the tendency of the mesogens to adopt a preferred orientation at the domain interface of the microphase-separated polymer chains. This tendency has been observed experimentally [1] .
A dimensional analysis of Eq. (6) gives
where h is a dimensionless proportionality constant. This result is similar to the derivations of Carton-Leibler [43] for the anchoring energy in polymer-polymer interfaces. The sign of α determines whether the LCs will favor a parallel or perpendicular orientation relative to the polymer interface. In experiments, the precise anchoring condition depends on the length of the flexible spacers that link the nematogens to the polymer chain [1, 44] . Note that more details of coupling can be obtained via self-consistent field equations describing the random-walk type statistics of chain configurations [45] .
In the nematic state with the nematic direction along the x axis,n =x, Eq. (6) reduces to
where we have rescaled ∇ 
where a 1 and a 2 are related to the graft density of the side-chain LCs [46] . Since in regular BCPs R g ∼ 1/q 0 , the first term in Eq. (11) implies that the free energy favors the gyration radius R g ∼ 1/q 0 and R ⊥ g ∼ κ/q 0 along and perpendicular to the nematic direction, respectively. Thus κ represents the molecular aspect ratio of the polymeric blocks in the nematic state. In this work we consider κ > 1, for which the polymeric backbone is stretched perpendicular to the nematic direction. This is the usual conformation of LC BCPs with side-chain LC molecules [10, 11] .
In two dimensions wheren =x cos θ +ŷ sin θ , Eq. (6) reduces to
2 ) sin 2θ . The corresponding model dynamics is assumed to be dissipative, driven to minimize the free energy, and nonconservative for θ and conservative for φ [47] , i.e.,
where M θ and M φ are the mobilities of θ ( r,t) and φ( r,t) fields, respectively.
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III. ANALYTICAL CALCULATIONS
It is of theoretical and experimental interest to characterize the elastic interaction between the BCP concentration field φ( r) and the nematic directorn( r). The conventional approach is to control one of the fields using an anisotropic external force. Here we use a uniform electric field to manipulate the direction ofn( r) in the lamellar ordered state. In this way we can also calculate the magnitude of the electric field required to change the lamellar spacing.
A. Electric fields in LC-BCPs
The coupling of an electrostatic field E to both the polymer composition field and the nematic director has been addressed in previous studies [21, 29, 30, 48] . When an electrostatic field couples to φ( r) via a dielectric contrast mechanism, the related free energy contribution can be expressed as [21, 48] :
where φ q is the Fourier transform of the order parameter
and ε A and ε B are the static dielectric constants for blocks A and B, respectively. F dielec is derived by expanding the dielectric constant of the inhomogeneous melt and solving Maxwell's equations [48] .
The coupling of the nematic director to the electrostatic field can be derived in a similar way [49] . This leads to the free energy contribution [29, 30, 49] 
where = ε 0 ε/(k B T ), ε 0 is the permittivity of free space, and ε = ε − ε ⊥ , where ε and ε ⊥ are the dielectric constants measured parallel and perpendicular to E, respectively. Note that the dielectric contrast mechanism operates at a length scale of 10-100 nm (polymer microdomain size) while the dielectric anisotropy mechanism operates at a length scale of 5-10Å (dimension of the LC molecules). This means that the LCs can enhance the electric response of the copolymer melt.
B. In-plane electric field
We consider an electric field, E = Ex, that is applied to the lamellar domains of an ordered LC BCP melt witĥ n =x cos θ +ŷ sin θ (as depicted in Fig. 2 ). In the weak segregation limit, the monomer concentration variation can be approximated by a one-mode approximation as
where 2π/q corresponds to the lamellar thickness and A is the amplitude of the concentration wave. Substituting Eq. (17) into Eq. (6) and including the electric field contribution, we obtain the free energy per unit volume (in units of k B T ): Minimizing the above free energy density with respect to A and q, we have (19) and
Substituting Eqs. (19) and (20) into Eq. (18), we can determine the free energy density as
When E = 0 the free energy minimum corresponds to θ = 0 [18] . However, when E = 0 the orientation of the LC molecules that minimizes the free energy depends on E and is determined by the equation
We can obtain a simple expression of θ (E) in the limit of weak or strong electric field coupling, as detailed below.
Small electric field limit
In the weak electric field limit the LC molecules are slightly tilted from their zero electric field orientation, and thus we can expect θ (and sin 2 θ ) to be small. The free energy density f (θ ) can be expanded as
where ν = αq 
Note that τ < 0 and thus the tilting of the side-chain mesogens by the electric field will be effective only when < 0. For E slightly above E s the free energy is minimized when
Thus, when E > E s the side-chain LC molecules with a negative dielectric anisotropy will be tilted towards a direction perpendicular to the applied electric field. Note that Eqs. (24) and (25) can also be obtained from the general result (22) via an expansion up to first order of sin 2 θ .
Large electric field limit
In the large electric field limit the electrostatic contribution in Eq. (18) dominates, and the LC molecules with < 0 are expected to tilt towards θ = π/2. Thus cos 2 θ would be small, and the system free energy density can be expanded as
where τ l = τ + αq 
It is interesting to note that in the small α limit, E l κ 2 E s . For field strength just below E l , f is minimized when
which can also be derived via directly expanding Eq. (22) up to O(cos 2 θ ). This implies that the liquid crystal molecules begin to rotate away from the direction perpendicular to the field when E < E l .
C. Electric field effect on lamellar spacing
The magnitude of critical electric fields E s and E l can be estimated for a typical system as follows. Representative values of model parameters τ , κ, and ε are available in the literature [ [see Eq. (10)] we consider a system (as illustrated in Fig. 2 ) where E is tuned from values slightly less than E s to E > E l , so that the side-chain LC molecules can be tilted from θ = 0 to θ = π/2. The corresponding change of the lamellar spacing is given by
where λ θ=0,π/2 = 2π/q as given in Eq. (20) . For h → 0, δ m → 1 − κ −1 , i.e., the copolymer chain anisotropy determines the maximum change of the lamellar spacing. As h (α) increases, δ m decreases and becomes zero at a critical value of h = 2(1 − 1/κ 2 ). This means the allowed range of h is [0, 2 − 2/κ 2 ]. This constraint is consistent to the fact that for a Gaussian polymer chain where κ = 1, there is no effective microscopic coupling between LCs' director and block copolymer interfaces.
For typical experimental values for a BCP melt: copolymer chain volume v p = 500 nm 3 , T = 400 K, Nχ = 11 [21, 50, 51] , chain anisotropy of the side-chain LC polymer κ = 1.6 [41] , LC dielectric anisotropy ε = −10 [53] and h ∼ 0.1 2(1 − 1/κ 2 ), we obtain that E s = 1.8 V/μm and E l = 4.4 V/μm. Figure 3 shows the electrically induced reorientation of the LC molecules and the associated change of the lamellar spacing. As can be seen in this figure, a full rotation of the LC side chains due to the applied field leads to a decrease of the lamellar spacing by about 40%. Thus in the small α limit the domain size of the LC BCPs system is highly tunable. LC BCPs exhibiting this tunable behavior would be of large importance for applications in photonic crystal technologies, as has been explored recently in various research that showed very promising results [54] [55] [56] .
IV. NUMERICAL RESULTS
For convenience it is useful to rewrite the total free energy functional Eq. (6) F/k B T is the dimensionless system free energy in the absence of an external field. Similarly the contribution of an applied electrostatic field [Eqs. (15) and (16)] can be expressed in the following dimensionless form:
Equation (13) then becomes
and
where E 0 = | E|/E s ,x is the direction of the electric field,
, and ψ q is the Fourier transform of ψ( r ).
We also express time in dimensionless unit, i.e., t = M φ ξ 2 q 6 0 t, and thus the dynamic equation (14), including the electric field contribution, becomes
Here we have assumed that the time scale for θ and ψ are the same, i.e. M φ = ξ 2 q 2 0 w −1 M θ . For convenience the dimensionless time and length scales are simply referred without the primes in the text below.
We numerically solve Eq. (34) in two dimensions by using an explicit Euler scheme, with details given in the Appendix. The steps in the discretized space and time are chosen as x = y = 1 and t = 0.001. The initial conditions for an isotropic homogeneous state are defined by the concentration field ψ( r) having small random fluctuations superposed on its global average ψ 0 and the local nematic director completely randomly oriented, i.e., θ ( r,0) ∈ [−π/2,π/2]. For a nematic homogeneous state, the nematic director is assumed to be uniform, that is, θ ( r,0) ∼ = const. We performed the numerical simulations on a square grid with 256 2 points, using periodic boundary conditions on both directions.
A. Phase separation in symmetric LC BCPs
We first consider microphase separation in nematic LC BCPs where f A = 1/2 ( ψ( r) = 0). This limit represents a symmetric LC BPCs melt where the A/B blocks have the same volume factions. We set the nematic elastic constant K = 2, h = 0.5, and κ = √ 2. Note that here h is sufficiently large but less than its physical limit 2(1 − 1/κ 2 ) as discussed in the previous section. For |τ | 1 our calculations remain within the weak segregation limit [19] , and we found consistent results forτ ∈ [−0.05,−0.5]. The results given below for the symmetric LC BCPs corresponds toτ = −0.15. Figure 4 shows the dynamics of microphase separation in a melt after a thermal quench from an isotropic homogeneous state [see Fig. 4(a)-4(c) ] and from a nematic homogeneous state [see Fig 4(d)-4(f) ]. Note that the equilibrium state for both systems is a perfectly aligned lamellar phase. Comparing the two cases, we observe that when nematic order is imposed prior to microphase separation, the emerging domains are well aligned along the nematic direction. The alignment process can be understood by examining the orientation of the LCs around a region where the polymer domains are curved. Figure 5 shows that the nematic director is nonuniform around a lamellar defect. This deformation is penalized by the nematic elastic energy, and thus in the nematic state curved domains are disfavored. Our numerical results also show that domain evolution from an isotropic homogeneous state to an aligned lamellar state is quite slow. This suggests that an external field is required to accelerate the domain alignment process. Similar results were observed in the dynamics of rod-coil BCPs [39] .
B. Domain alignment in an electric field
Anisotropic external fields such as electric fields can be applied to BCP melts to produce highly aligned microstructure. There are several recent theoretical and experimental studies on the effect of electric fields in regular BCPs [21, 24, 48, 57, 58] , in rod-coil BCPs [39, 40] , and in semiflexible LC BCPs [59] . Here we consider the two contributions of the electric field to the system free energy as given in Eqs. (32) and (33) . The dielectric contrast mechanism will favor ∇ψ to be perpendicular to the electric field direction. The dielectric anisotropy mechanism will dictate the direction of the nematic director with respect to E. As realized in the previous section, the later mechanism will indirectly specify the orientation of the polymer domains. Hence the two electric field contributions compete during the alignment process depending on the sign of the dielectric anisotropy. We explore this behavior in numerical simulations.
We study microphase separation in three different systems: (1) LC BCPs with¯ = 10, (2) LC BCPs with¯ = −10, and (3) regular BCPs (where h = 0 and κ = 1). We assume that these three systems have similar A/B monomers with a dielectric contrastβ = 0.1. We also assume that the LC BCP chains have the same molecular architecture: κ = √ 2 and h = 0.5. Simulation results given in Fig. 6 show that the LC BCP melt can be aligned by modest electric fields that are much smaller than that for regular BCPs of same dielectric contrast. An electric field with E 0 = 0.06 produces highly aligned domains in the LC BCP melts that are comparable to those of regular BCPs at E 0 = 1. Similar results can be obtained by monitoring the average domain alignment:
as shown in Fig. 7 . These results indicate that the electric field favors a perpendicular lamellar alignment in the system where the side-chain LCs have a negative dielectric anisotropy¯ [see Figs. 6(e), 6(f), and 8(c)]. This state is unusual since the alternating lamellae are perpendicular to E, and thus there is an energy cost due to the dielectric contrast mechanism [Eq. (33) ]. Note that since¯ < 0, the LCs are also oriented perpendicular to the electric field, and therefore this state minimizes the LC anchoring energy α|n · ∇ψ| 2 for a sufficiently large h. However, in the small α limit, the dielectric contrast mechanism dominates, and the lamellar domains align along the electric field direction as shown in Fig. 8(a) . Figure 8 also shows the circularly average structure factor S(q) for the two types of alignment states. In the perpendicular alignment state the characteristic wavenumber of the system is q c ≈ 1/κ. In the parallel state the lamellar domains are compressed and q c ≈ 1. Note that this behavior is consistent with our analytical calculations, i.e., Eq. (29) which shows that the lamellar wavenumber can change up to a factor of (1 − κ −1 ) when the relative orientation between the LCs director and the lamellar interface varies by 90
• . The transition between parallel-to-perpendicular states, as illustrated in Fig. 8 , depends on three material parameters:¯ ,β, and h. The nematic director in all the results shown in Fig. 8 is perpendicular to E since the side-chain LCs are strongly coupled to the electric field (|¯ | is large). Thus the parallel state is only possible in the small h limit. For larger h the A/B monomer interface orientation is strongly coupled to the nematic director, and thus the system prefers a perpendicular alignment. phase and usually segregate into circular domains below the order-disorder transition point in regular BCPs. In LC BCPs the behavior would be very different since curved interfaces are disfavored due to the competition between the nematic elastic energy and domain interfacial energy. In rod-coil BCPs it has been observed that the competition leads to ellipsoidal domains or to the stabilization of the lamellar phase in the asymmetric quench [39, 40] .
Here we explore the different morphologies that can occur in nematic LC BCPs system withτ = −0.25 and ψ 0 = −0.2 in the absence of electric fields. In Fig. 9 we demonstrate the effect of the increasing nematic constant on the LC BCP morphologies. In the smallK limit circular domains of BCPs are obtained, coexisting with a network of nematic defects as shown in Fig. 9(a) . In this limit the minimization of the domain interfacial energy dominates the microphase separation process. On the other hand, when the value of K increases the domains merge to form stripes parallel to the nematic orientation field. In this case the microphase separation process is dominated by the minimization of the nematic deformation energy. Similar results have been found in rod-coil BCPs [39] . We also find that in the small h limit ellipse-shaped domains can coexist with perfect nematic order (uniformly aligned nematic director), as shown in Fig. 9 (c). This shows that the relative orientation between the LC molecules and the polymer domain interfaces can change when the Frank-Oseen energy dominates over the contribution of LC anchoring energy. In Figs. 9(a) and 9(b) the nematic directors tend to be parallel to the domain interface, but the perpendicular orientation occurs for the case of Fig. 9 (c) with small enough LC anchoring energy.
V. CONCLUSIONS
Microphase separation in comblike LC BCPs exhibits new fascinating behavior due to the strong influence of side-chain LC molecules. Our study demonstrates that one can control the morphology, size, and orientation of the microphaseseparated domains via the LC molecules. In the lamellar phase electrically induced tilting of the LC molecules relative to the lamellar plane can lead to large changes in the lamellar spacing. The critical electric field required to tilt the LCs within the lamellar domains is also determined. The control of lamellar domain size using electric fields has been achieved in regular BCPs [60] . However one needs strong electric fields, on the order of ∼ 10 kV/cm. We anticipate that comblike LC BCPs would be ideal in these experiments because of the dielectric anisotropy of the LC molecules and the possible tilting of the anisotropic polymer chains as demonstrated in this study (see, e.g., Fig. 3) .
We have also studied the microstructure formation in self-assembling LC BCP systems that are thermally quenched from a disordered state, and demonstrated that relatively weak electric fields can well align the polymer microstructure. In our numerical simulations, when both LC and BCP ordering processes are initiated simultaneously from the homogeneous isotropic state, a slow process of lamellar domain alignment is observed. On the other hand, in LC BCP systems where the LC molecules have a large dielectric anisotropy, a modest electric field can direct the LC ordering; as a result the emerging microphase-separated copolymer domains will be well aligned along the nematic direction. We have also examined microphase separation in asymmetric LC BCPs, for which the competition between domain interfacial energy and nematic elasticity leads to the creation of various domain morphologies of the minority polymer phase, and also a network of liquid-crystal nematic defects. All these results have indicated the important role played by the coupling between liquid-crystalline and copolymer microphases, in particular on achieving the structural control and long-range ordering of microstructure self-assembly in macromolecules. 
where L 1 = (ψ + A∂ xx ψ + B∂ yy ψ + C∂ xy ψ) and L 2 = cos θ∂ x ψ + sin θ∂ y ψ. In our numerical algorithm for solving the spatiotemporal evolution of the system, a simple Euler method is adopted, where we replace ∂ t φ( r,t) in Eq. (14) 
which include contributions from both nearest neighbors (nn) and next-nearest neighbors (nnn) [61, 62] . The time index m refers to the discretized time t m = m t. Likewise the spatial index (i,j ) corresponds to position (i x,j x). For the dynamics of the nematic director angle θ , in our numerical calculation of Eq. (14) we replace ∂ t θ ( r,t) by
